The present study examined the importance of burrows in reducing predation on the semaphore crab Heloecius cordiformis. This ocypodid species is abundant in temperate mangrove swamps in southeastern Australia. Similar to many of its better-known ocypodid relatives, the fiddler crabs, H. cordiformis is active on the surface of the substratum only during periods of tidal emersion (low tide), during daylight hours, and burrows tend to contain only a single individual (Warren 1987) . At the end of their period of activity on the surface (just prior to dusk or submergence by the rising tide), crabs enter and plug their burrows with a clod of sediment (Warren & Underwood 1986) . The aim of this study was to test experimentally the prediction that H. cordiforn~is could avoid predation from epibenthic predators by sheltering in burrows during periods of tidal submergence.
Methods. The experiment was done in the temperate mangrove swamp at Careel Bay, 35 km north of Sydney, New South Wales, Australia. Careel Bay is located on the northeastern shore of Pittwater, a n inlet which opens northerly into the Hawkesbury River/Broken Bay Estuary. Tides are semi-diurnal, with a maximum range of 1.8 m. Seagrass beds (primarily Zostera marina and Posidonia australis) occur between the opening of Careel Bay and Pittwater and abut the seaward edge of the mangrove swamp (indicated by dense peg roots and saplings of the grey mangrove Avicennia marina). Henceforth, this zone will be referred to as the 'seaward zone' of the mangrove forest. The 'midmangrove zone' constitutes the forest proper. The lower two-thirds of this zone consists of tall A. manna (5 to 6 m high) with a dense and almost continuous canopy. A shorter (< 2 m) and more shrub-like second species, the river mangrove Aegiceras corniculatum, is sporadically interspersed with A. marina within the landward one-third of the forest.
The experiment was done in the lower midmangrove zone to ensure that the water at high tide would be deep enough for subtidal carnivores to pass over and into experimental bins. Two treatments were used. In one, crabs were prevented from burrowing before they were submerged by the incoming tide. In the other treatment, crabs were capable of digging burrows. Both treatments utilised perforated plastic bins (30 X 45 X 16 cm deep). On 23 Sep 1985, a total of 8 bins was used, but on 24 and 25 Sep, an additional 4 bins were used (to allow a better estimate of variability of predation). Half of the bins used on each day were filled to a depth of 8 cm with sandy substratum from the upper edge of the forest ( = Deep bins). The other half were filled to a depth of 7 cm, this layer covered with a thin sheet of plastic, a n d a n additional 1 cm of sand added on top of this plastic sheet (= Shallow bins). In the latter treatment, therefore, crabs could make only shallow depressions and could not hide beneath the substratum. Bins were buried such that the top edge of bins was even with the surrounding substratum, because toadfish are epibenthic feeders. Bins were randomly arranged in 2 rows parallel to the shoreline. The distance between the surface of the sediments within both types of bins and the top edge of the bins (ca 8 cm) was adequate to prevent escape by crabs. Sandy substratum from the landward edge of the forest was used for 2 reasons. In pilot experiments using the siltier sediments from the lower midmangrove zone, it was impossible to see inside bins after submergence because the water in them became murky with the suspension of fine-grained material. Sediments in the landward zone have less silt and more sand which does not re-suspend as easily as silts and clays. Also, the greater density of peg roots and nutritive roots in the lower midmangrove zone relative to the upper reaches of the forest made it difficult to create an even layer of sediment of the desired depth in the bins. An even layer was desired to avoid creating refuges which would have resulted from an attempt to mash root-laden sediments into the bins. Peg roots and nutritive roots are less dense in the upper edge of the forest, and peg roots could be more easily removed from these sediments. The only refuges that were possible in the bins were, therefore, ones created by the crabs themselves. Heloecius cord~formis are as abundant in this upper zone as in the lower midmangrove zone (Warren 1987) ; therefore, this modification did not present a n ecologically irrelevant type of substratum to the experimental animals. Although handling of sediments placed in bins increased the tendency of the surface sediments to become resuspended (relative to natural, u n l s t u r b e d sediments), this tendency should have been similar between the 2 expenmental treatments.
One hour before submergence, 20 crabs were added to each bin. Crabs had been collected and marked in the field with a spot of white latex paint (to improve detectability in the bins) before being put in the bins. An approximately equal number of males and females (from 15 to 25 mm carapace length) were used in each bin. The experimental density was approximately 3 x natural mean densities (148 vs 44 crabs m-2) but was within the observed range of densities sampled over a 14 mo period (Warren 1987) . The experimental density, however, did not appear to interfere with the ability of crabs to build viable burrows, as virtually all crabs in Deep bins were able to construct, enter and plug burrows within l h of being added to bins. Substratum in bins did not collapse during any experimental trial, further suggesting that the burrows constructed were stable (i.e. viable). During the period of submergence, observers recorded the numbers of crabs in each bin that were eaten and the species of predator taking each crab. Each observer was responsible for recording events in 4 bins (2 Deep and 2 Shallow bins). Observers sat as still as possible on stools placed adjacent to bins before the tide rose over them. At the end of the 2 h period of observation, bins were collected, and surviving crabs were extracted from the sedments and counted. The difference between the initial numbers of crabs and the numbers that were eaten or were re-collected from bins was attributed to crabs that were missing, either because they had escaped (which was unlikely) or because they were not seen being eaten.
A 2-factor analysis of variance (ANOVA) was used to test effects of each type of bin (fixed factor), differences among days of the experiment (fixed factor, because days consecutive), and interaction between these 2 factors. To retain a balanced design, the additional 2 replicate bins used on 22 and 23 Sep were not included in this analysis. Student Newman Keuls test was used to identify which means dffered significantly from others for factors shown to be sigmficant in the analysis of variance.
Results. The only subtidal predators observed during the 3 runs of the experiment were toadfish (10 to 15 cm in length). These entered the midmangrove zone within 15 min of submergence, although the water was only 10 to 15 cm deep at this time. They entered bins and began to attack crabs on the surface almost immediately. When toadfish entered bins, crabs that were on the surface of the sediments assumed a defensive stance, with open chelae extended outwards. Because of this, fish could not immediately seize a crab but would approach from several angles until the fish could grab the crab's body whilst avoiding its chelae. Frequently, more than 1 fish would simultaneously approach a crab from different angles, and this made it easier for at least 1 toadfish to seize the prey. Large crabs (> 20 mm) appeared to take longer to capture than smaller crabs; however, large size did not provide a refuge for Heloecius cordiformis.
Toadfish entered but did not remain long in bins without crabs on the surface. Occasionally, fish stirred up the first few mm of sediment in such bins (by blowing water or rapidly waving the tail close to the substratum) and then re-examined the surface. In Deep bins, occasionally 1 or 2 crabs were still on the surface or re-emerged after being covered by the tide. No crabs were seen to escape from bins.
Analysis of variance indicated that significantly more crabs were eaten in Shallow bins than Deep bins (Tables 1 and 2 ). In addition, Day and Day X Treatment were significant. This result reflected the significantly greater mortality in Shallow bins on the last 2 d of the experiment relative to the first day (SNK test, p < 0.05), whereas no significant difference was found amongst days for Deep bins (p > 0.05). Despite the Day X Treatment interaction, a posteriori tests on Treatment differences on each day indicated that mortality was significantly greater in Shallow bins than in Deep bins on each day of the experiment (SNK test, p < 0.05; This result may suggest that toadfish feeding on experimental crabs remembered the unusually great abundance of vulnerable crabs on subsequent days and returned to the same area to feed on these days.
Discussion. The results above suggest that entering and remaining in burrows during high tide provides a refuge for Heloecius cordiformis from toadfish and perhaps other subtidal predators. Although between 13 and 23 % of the crabs in Deep bins were preyed upon each day of the experiment, and this treatment more closely approximated 'natural' conditions than Shallow bins, these percentages are almost certainly much greater than natural rates of predation. Firstly, virtually all of the crabs that had been preyed upon in Deep bins comprised those few individuals that failed to construct and occupy a burrow before submergence or had reemerged from burrows after tidal submergence. Either of these occurrences would be very unusual in natural populations (own obs.); therefore, the behaviour of crabs in the experiment suggests that they were affected by the manipulation in such a way as to make them more vulnerable to predation. For example, natural burrows are usually 15 to 25 cm deep (for crabs of sizes used in this experiment), but burrows could be excavated to only 8 cm in the experimental bins. Contacting solid substratum might have prompted crabs to re-emerge, perhaps in order to construct a new burrow in a different place or to find an open, unoccupied burrow.
In addition, toadfish might have been attracted to the site because of the unnaturally great abundance of crabs on the surface after tidal submergence. Between 15 and 20 toadfish entered and remained within the 8 X 3 m study area throughout the 2 h observation period, and this density was perhaps 3 to 4 x greater than typical densities (own obs.). Also, at least 1 particular fish (identifiable from its having only 1 eye and scars) was seen at the site on all 3 d.
For both of these reasons (in addition to the fact that reproduction and immigration could not possibly balance such a great rate of predation in nature and thus maintain the population of crabs), observed rates of predation were probably much greater than those occurring in undisturbed populations. This result does not, however, weaken the overall conclusion from the present study that occupying burrows significantly reduces mortality of crabs from predation by toadfish.
During periods of low tide, burrows may provide a refuge against terrestrial and avian predators. Near Sydney, threat from the former is probably less than from the latter, however, because mammalian and tive refuge for Heloecius cordiformis from toadfish and reptilian predators are uncommon in temperate manperhaps other subtidal predators. grove swamps. In contrast, mammals, snakes and lizards are documented predators of burrowing crabs in their subtidal predators, and can therefore be considered avoidance rather than escape. Similar avoidance behaviours, also synchronised with tidal cycles, have been described in various other invertebrates, e.g. gastropods (Hamilton 1976 , Garrity & Levings 1983 , Levings & Garrity 1983 , 1984 .
Results from the present study suggest that the probability of a crab without a burrow surviving even a single period of tidal submergence would be very small. Although the selection pressure for digging and occupying burrows before submergence would, therefore, be very strong, some species of crabs do not construct burrows. Some species, like Paragrapsus laevis and Sesarrna erythrodactyla, both of which are sympatric with Heloecius cordiformis, do not dig burrows but instead occupy ones excavated by other species (Warren 1987) . In Jamaica, Sesarma ricordi and S. curacaoense occupy burrows excavated by fiddler these species would probably be much more suscepe m Atlantic fiddler crabs (genus Uca) with reference to their impact on the salt marsh. Contrib. mar. tible to red at ion (as was observed for H. cordiformis) Virnstein, R. W (1977) . The importance of predation by crabs were they deprived of access to their refuges.
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In conclusion, crabs remaining on the surface of the 58: 1199-1217 substratum (or re-emerging onto the surface) after Warner, G. F. (1969 
